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Introduction
The assessment of genotoxic potential of environmental xenobiotics and their biological effects is essential for ensuring primary prevention of cancer diseases. In our daily activity, most of us are exposed to a wide variety of environmental pollutants, some of which are known for their genotoxic properties. Chemical air pollution is a mixture of many elements, produced by a variety of sources (mainly traffic, heating systems and industrial plants), several of which have been proven to have mutagenic and carcinogenic properties (Claxton et a., 2004; Traversi et al., 2008) .
The evaluation of control baseline data for cytogenetic markers in human populations is crucial, not only for the general health risk assessment, but also as a general guideline to estimate the potential risk in other populations exposed to similar pollutants (Carbonell et al., 1996) .
Cytogenetic rearrangements, such as Sister Chromatid Exchanges (SCEs) and Chromosomal
Aberrations (CAs), have been considered as indicators of genomic instability and early biological effects of carcinogenic exposure. SCEs occur as a consequence of reciprocal changes between DNA replication products at apparently homologous chromosomal loci. These exchanges involve DNA breakage and reunion (Knudsen and Hansen, 2007) , and are considered to be the consequence of DNA-replication errors on a damaged template (Garcia-Sagredo, 2008) . On the other hand, the CAs assay allows a rapid overall analysis of cytogenetic damage and allows the detection of cells carrying unstable aberrations (chromosome and chromatid breaks, deletions, fragments, rings, dicentrics and chromatid exchanges) that will lead to cell death during proliferation (GarciaSagredo, 2008) . Previous studies have provided strong evidence in support of the hypothesis that high CAs frequencies in peripheral blood lymphocytes is a powerful predictor of cancer risk and could be associated with early events of carcinogenesis (Hagmar et al., 1998) .
The main objective of the present study was to evaluate the frequency of SCEs and CAs in human peripheral blood lymphocytes of non-occupationally exposed, non-smoking, healthy subjects, living in the city of Turin (North-Western Italy). Turin is located in the higher part of the Po river valley, an area where air exchanges are limited by the surrounding mountains, dominant winds are weak, and air pollutants can accumulate easily (Traversi et al., 2008) . For these reasons Turin is one of the most polluted European cities in terms of particulate matters (PM 2.5 and PM 10 ) and ozone (ISTAT, 2011; WHO, 2013; Schilirò et al., 2010) . For many years, the average annual PM2.5 pollution in
Turin was higher than the limits set by the World Health Organization (35 µg/m 3 , WHO, 2006) , representing a potential environmental health problem (Traversi et al., 2008; Gilli et al., 2007) .
Indeed, a number of investigations have provided convincing evidence about the clastogenicity of high concentrations of particulate matters and ozone (Merz et al., 1975; Hüttner et al., 1999; Buschini et al., 2001; Dıáz-Llera et al., 2002; Wei et al., 2006) .
The role of age and gender, as potential confounding factors, on SCEs and CAs frequencies has been addressed in several studies. It was clearly proven that older individuals and females exhibit increased levels of DNA damage compared to younger subjects and males (Bonassi et al., 1995; Bolognesi et al., 1997; Wojda et al., 2006) .
During eukaryotic evolution, organisms developed various detoxification systems able to protect the cells from DNA damage caused by reactive substances present in their environment.
Glutathione S-transferases M1 and T1 (GSTM1 and GSTT1) are phase II xenobiotic-metabolizing enzymes involved in the detoxification of reactive electrophiles metabolites providing protection against toxic substances present in the environment (Nebert et al., 1996) . GSTT1 and GSTM1 genes are known to be polymorphic among humans for a deletion that prevents protein synthesis and consequently results in reduced detoxification capability in homozygous individuals. The deleted, non-functional alleles of the GST genes were found associated with the development of some types of cancer (Bajpai et al., 2007; Cha et al., 2007) , as well as to an increased susceptibility to DNA damage (Palma et al., 2007) . On the basis of these findings, the influence of age, gender and GSTs polymorphism on the spontaneous numbers of CAs and SCEs were also evaluated. 
Methods

Population sample
The study population included 101 blood donors randomly sampled in Turin (Italy). Individuals selected for this study were subjects without any known exposure to specific xenobiotics, except for those of the routine household, traffic and clerical work. All subjects were living in the city, away from landfills, and their houses were equipped with modern heating systems. However, in the inner suburbs of the city there is an important automotive factory and numerous other smaller industrial installations that significantly contribute to the air pollution of the urban area.
In order to assess the possible influence of the age on the level of DNA damage, subjects were split into four age groups of 21-30, 31-40, 41-50, and 51-65 years old, respectively.
Subjects received detailed information about aims and experimental procedures of the study and gave their informed consent. Volunteers, in healthy conditions when sampling was conducted, were selected and anonymously identified by a numeric code.
It is well known that cigarette smoke contains a number of proven and suspected genotoxic agents, so smokers were excluded from the investigation. We also excluded individuals who reported alcohol consumption, treatment for acute infections and/or chronic non-infectious diseases, history of cancer, exposure to diagnostic X-rays, for at least two years prior the analysis. The study was approved by the University of Turin ethics committee and was performed in agreement with the ethical standards laid down in the 1964 Declaration of Helsinki.
Blood Sample Collection and Cell Cultures
Blood samples were obtained by venipuncture (5-10 mL) and collected in heparinised tubes. All blood samples were coded, stored at 4°C, and processed within 2 hours after collection.
Heparinized venous blood (0.3 mL) was cultured in 25 cm 2 flasks in 6 mL RPMI-1640 (Biological Industries) supplemented with 20% fetal calf serum, 2% mitogenic agent phytohemagglutinin-M F o r P e e r R e v i e w O n l y (PHA, Difco, 0.2 mL), L-glutamine (2 mM), antibiotics (100 IU/mL penicillin, and 100 µg/mL streptomycin). Cell cultures were incubated for 72 and 48 hours (for SCEs and CAs assay, respectively) at 37 °C in an atmosphere of 5% CO 2 in the air. To arrest cells in mitosis, colchicine (Sigma, 0.25 µg/mL) was added at a concentration of 0.06 µg/mL during the last 2 hours of culture.
Chromosome preparation was done following standard procedures. Cells were centrifuged, slowly re-suspended in 10 mL of pre-warmed hypotonic solution (0.075 M KCl, at 37 °C), and incubated for 15 minutes in a 37 °C water bath. Cells were then centrifuged again and fixed in cold methanol:
acetic acid (3:1) for 20 minutes at room temperature. The treatment with the fixative was repeated three times. Finally, the supernatant was discarded and the pellet, dissolved in a minimal volume of fixative, was seeded onto the slides.
Sister Chromatid Exchanges Assay
Bromodeoxyuridine (BrdUrd, 5 µg/mL) was added to the cultures after 24 hours to measure SCEs in second division metaphases. BrdUrd closely resembles thymidine and is efficiently incorporated into the elongating DNA strands during replication. After two cell cycles in BrdUrd medium, the two sister chromatids differ in the amount of BrdUrd present and the chromatid with more BrdUrd appears lighter ("bleaching" effect).
Sister chromatid differentiation was obtained by staining the fixed cells with fluorescence dye
Hoechst 33258 (Sigma, 10 µg/mL, 20 minutes, at room temperature in the dark) followed by irradiation with an 8-W UV lamp (254 nm) at a distance of about 20 cm for 30 minutes. The slides were then incubated in 2x SSC (standard saline concentration) for 1 hour at 60°C and stained with 5% Giemsa (Sigma) in the Sörensen buffer for 10 minutes. Microscopic analysis was performed at 1000 X magnification on a light microscope (CX40, Olympus, Tokyo, Japan).
In order to determine the number of SCE/cell for each subject we scored 50 well-spread seconddivision metaphases containing 46 chromosomes. A total of 100 cells from each donor were scored for the determination of the replication index (RI), calculated according to the formula: RI = (M 1 + 
Chromosomal Aberrations Assay
For each subject, a total of 200 well-spread fixed metaphases were analysed for the following categories of CAs: chromatid breaks (B'), chromosome breaks (B"), dicentrics (Dic), acentric fragments (AF), and rings (R). Gaps (a-chromatid lesions) were not scored as CAs. Cells containing any type of chromosomal aberrations were scored as "Aberrant Cells" (Ab.C). Microscopic analyses were performed at 1000 X magnification on a light microscope (CX40, Olympus, Tokyo, Japan).
DNA Extraction and Genotyping
Genomic DNA was extracted using the Chelex solution protocol described by Walsh et al. (1991) .
GSTM1 and GSTT1 genotypes were determined by polymerase chain reaction (PCR), using the following primers: 5'-TTCCTTACTGGTCCTCACATCTC-3' and 5'-TCACCGGATCATGGCCAGCA-3' for GSTT1 locus and 5'-CTGGATTGTAGCAGATCATGC-3' and 5'-CTGCCCTACTTGATTGATGGG-3'for GSTM1 locus. In addition, a fragment of the β-globin gene was co-amplified as internal control using primers 5'-CAACTCATCCACGTTCACC-3' and 5'-ACACAACT-GTGTTCACTAGC-3'. PCR reactions were carried out in a total volume of 25 µl containing 10 ng of DNA (template), with a final concentration of 1X Reaction Buffer, 1.5 mM of MgCl2, 5% of DMSO, 250 µM of dNTPs, 0.5 µM of GSTs and β-globin primers, and 1U/sample of Taq DNA polymerase (Fischer, U.S.). The thermo-cycling procedure was set with an initial denaturation at 95°C for 5 min, followed by 35 cycles of denaturation at 94°C for 1 min, annealing at 60°C for 1 min, and extension at 72°C for 1 min before a final extension at 72°C for 10 min. GSTs PCR products were separated by electrophoresis on a 3% agarose gel and visualized by ethidium bromide (250 ng/ml) staining. The expected sizes of amplified GSTT1, GSTM1 and β- globin products were 480, 273 and 110 bp, respectively. Genotypes with homozygous deletion of the GST genes were identified as "GST-null" (GST-), whereas genotypes having at least one copy of the gene were scored as "GST-positive" (GST+).
Statistical analysis
Statistical analyses were conducted using the SPSS software statistical package programme (version 20.0, Inc., Chicago, Illinois, USA). Differences between sexes and among age groups were evaluated by Wilcoxon Mann-Whitney U test and/or one-way analysis of variance (ANOVA). The statistical significance of the effect of different factors was also evaluated by a multifactor analysis of variance (MANOVA). All P-values were two tailed and the level of statistical significance was set at P<0.05 for all tests.
Results
General characteristics of the population studied
The demographic and genotypic features of the urban population investigated are reported in Table   1 . Forty-eight subjects were male, with a mean age (±S. 
SCEs and CAs assay
Detailed results of the SCEs and CAs analyses are summarized in Tables 2, 3 and 4. A total of 5,050 and 10,100 cells were available for the SCEs and RI analyses, respectively, whereas the total number of metaphases scored for the CAs assay was 20,200. The observed SCEs/cell value was 5.137±0.166 (range 2.26-9.76), while the mean RI value was 1.898±0.021
(range 1.46 -2.28). Cells with 8 or more SCEs were defined as high frequency cells (HFCs) according to Carrano and Moore (1982) . Subjects for whom more than 6 cells contained more than 8 SCEs were classified as high frequency individuals (HFIs). Twenty-four individuals were identified as HFIs and they showed a significantly higher value of SCEs/cell (P<0.001) compared
to Non-HFIs. The total numbers of observed CAs and Ab.C, excluding gaps, were 360 (CAs/ cell = 0.018±0.002) and 349 (Ab.C/cell = 0.017±0.002), respectively.
Age, gender, GSTs polymorphisms and cytogenetic markers
The MANOVA analysis revealed a significant role of age on CAs frequency (P = 0.012 and P = 0.015 for CAs including and excluding gaps, respectively), but not on SCEs levels (P = 0.186) (Table 7) . These results were further confirmed by the ANOVA (P = 0.029 and P = 0.263 for CAs and SCEs, respectively). Moreover, when the total sample was split into four age groups, the eldest subjects (aged 51-65) showed significant higher CAs and Ab.C values (but not of SCEs) compared to the younger groups (Tables 2 and 4) . Similarly, gender appeared to affect the amount of CAs observed (Tables 4 and 7) but not the frequency of SCEs (Tables 2 and 7) .
Finally, GSTs gene polymorphisms did not show significant overall associations with the frequencies of either cytogenetic markers, with the exception of GSTT1 positive genotypes associated to an increase of SCEs among women, as well as in the group of individuals aged 31-40 (Tables 5 and 6 ). The exposure to increasing levels of environmental pollution in urban areas has progressively boosted public awareness of the need to constantly monitor human populations. Information provided by cytogenetic markers about factors potentially affecting the background level of chromosomal aberrations are of great importance in assessing both the general health risk and the frequency of expected genomic damage prior to occupational exposure. In order to evaluate the level of DNA damage in peripheral blood lymphocytes of nonoccupationally exposed, non-smoking, healthy subjects living in an urban area, we analysed the frequencies of SCEs and CAs observed in a sample of individuals from the city of Turin (Italy).
Discussion
The frequency Ab.C (0.017) observed in our dataset resulted in being one of the highest reported in literature among control samples used in several cytogenetic studies of European populations (Table 8 ). This result indicates that some local environmental factors may be involved in determining the high frequency of cytogenetic damage observed. Turin is one of the most polluted cities in Europe, mainly in terms of air fine PM (Schilirò et al., 2010; COTEC, 2005) whose clastogenic potential has been suggested in a number of studies (Hüttner et al., 1999; Buschini et al., 2001; Wei et al., 2006) . In recent years, the monitoring of PM 10 in Torino has revealed concentrations frequently higher than the daily and yearly quality targets set by Italian laws (Schilirò et al., 2010) . Turin is a city with a high traffic density and consequent high levels of atmospheric genotoxic substances, such as benzene, toluene, and xylenes (Bono et al., 2003) .
Moreover a large automotive industrial complex is located in the inner suburbs of the city, as well as other smaller industrial installations that, with their discharge products, considerably contribute to air pollution. In this scenario, the city council opted to implement policies to limit the circulation of private vehicles in emergency (as a result of excess pollutants) and/or scheduled (as a preventive or progressive reduction of emissions) periods, also encouraging the use of the urban public transport. However, despite these air pollution prevention measures, in 2013 the concentrations of some pollutants exceeded the limits set by the Italian law (Table 9) . It is known that age and gender are important factors to be taken into consideration when designing human population studies. According to a number of studies on age-related genomic damage incidence in control populations (Bolognesi et al., 1997; Bender et al., 1988; Stephan and Pressl, 1999) , the results obtained in this study seem to suggest an influence of the age on CAs and Ab.C rates. Indeed, we observed a significant increase of the frequency of these two cytogenetic markers in the older group compared to the younger ones (Table 4 ). This pattern could be an important signal because various studies have provided evidence that increased background levels of CAs in peripheral blood lymphocytes can be associated to a higher risk of cancer (Garcia-Sagredo, 2008; Hagmar et al., 1998) . Moreover, the high SCEs frequency recorded among older subjects (Table 2), although statistically not significant, should also require attention as it could be interpreted as a signal of a potential increase of defects in DNA repair processes with age (Garcia-Sagredo, 2008), resulting in a progressive accumulation of genomic damage.
An association between CAs, SCEs and sex, with a tendency toward a higher number of CAs/cell and SCEs/cell in women than in men, has also been put forward by some authors (Bender et al., 1988; Bonassi et al., 1995; Wulf and Niebuhr, 1985) . Additionally our sample showed females with significantly higher CAs and Ab.C frequencies than males (Table 4) . Several hypotheses have been put forward to explain this sex bias (differences in the dimension of sexual chromosomes, hormonal levels, etc.), but so far a convincing explanation is still missing.
Finally, the individuals enrolled for our study were also genotyped for GSTs xenobiotic metabolizing enzymes involved in cellular detoxification mechanisms. The evidence about a relationship between GSTs polymorphisms and an increase of genomic damage are controversial. (Tables 2 and 3 ). However, it should be emphasized that our study group only included individuals not occupationally exposed to specific xenobiotics. Thus, the lack of a relationship between GSTs polymorphisms and chromosomal damage may be due to the relatively low concentrations of xenobiotics affecting the general urban population.
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